The fluorine-doped rare-earth iron oxypnictide series SmFeAsO1−xFx (0 ≤ x ≤ 0.10) was investigated with high resolution powder x-ray scattering. In agreement with previous studies [Margadonna et al., Phys. Rev. B. 79(1), 014503 (2009)], the parent compound SmFeAsO exhibits a tetragonal-to-orthorhombic structural distortion at TS = 130 K which is rapidly suppressed by x ≃ 0.10 deep within the superconducting dome. The change in unit cell symmetry is followed by a previously unreported magnetoelastic distortion at 120 K. The temperature dependence of the thermal expansion coefficient αV reveals a rich phase diagram for SmFeAsO: (i) a global minimum at 125 K corresponds to the opening of a spin-density wave instability as measured by pump-probe femtosecond spectroscopy [Mertelj et al., Phys. Rev. B 81(22) The discovery of iron oxypnictides of the general formula RFeAsO (R = RE 3+ ) has brought about a renaissance in the field of high temperature superconductivity [1] [2] [3] . Previous efforts were almost completely focused on the cuprates for nearly two decades, with no real clear picture emerging for the superconducting mechanism or an explanation of the rich phase diagrams as a function of doping [4] [5] [6] [7] [8] [9] . It has been well-understood that strong spinspin coupling, in addition to the two-dimensional layers of square planar CuO plaquettes, and mobility introduced through electron and/or hole doping of the Mott insulator phases are common properties to all of the superconducting phases [10] . However, the discovery of superconductivity in the two-dimensional iron oxypnictide stuctures (with the d 7 Fe 2+ ) has left an indelible mark on the condensed matter community [11, 12] . A combination of the relatively high values of T c [1, [13] [14] [15] [16] [17] for the earliest samples and the striking similarities of their rich phase diagrams to those of the cuprates [16, [18] [19] [20] [21] suggests that through further refinements of the chemistry, and an understanding of the mechanism, these iron oxypnictides and iron-based two-dimensional structures in general not only provide a potential route for advancing our understanding of the cuprates but may even provide T c values challenging the records of the cuprates.
The discovery of iron oxypnictides of the general formula RFeAsO (R = RE 3+ ) has brought about a renaissance in the field of high temperature superconductivity [1] [2] [3] . Previous efforts were almost completely focused on the cuprates for nearly two decades, with no real clear picture emerging for the superconducting mechanism or an explanation of the rich phase diagrams as a function of doping [4] [5] [6] [7] [8] [9] . It has been well-understood that strong spinspin coupling, in addition to the two-dimensional layers of square planar CuO plaquettes, and mobility introduced through electron and/or hole doping of the Mott insulator phases are common properties to all of the superconducting phases [10] . However, the discovery of superconductivity in the two-dimensional iron oxypnictide stuctures (with the d 7 Fe 2+ ) has left an indelible mark on the condensed matter community [11, 12] . A combination of the relatively high values of T c [1, [13] [14] [15] [16] [17] for the earliest samples and the striking similarities of their rich phase diagrams to those of the cuprates [16, [18] [19] [20] [21] suggests that through further refinements of the chemistry, and an understanding of the mechanism, these iron oxypnictides and iron-based two-dimensional structures in general not only provide a potential route for advancing our understanding of the cuprates but may even provide T c values challenging the records of the cuprates.
In this paper, we focus on x-ray studies of the fluorinedoped oxypnictide series SmFeAsO 1−x F x -a series with one of the highest T c values (∼ 58 K for optimal x = 0.20 [13] ) among the iron-based superconductors. A prominent tetragonal-to-orthorhombic structural distortion is observed at T S = 130 K in the parent compound SmFeAsO corresponding to a peak in dρ dT , quickly followed by a previously unreported magnetoelastic coupling at T * = 120 K. The temperature dependence of the thermal expansion coefficient α V reveals that the transition at 120 K lies between a global minimum of the thermal expansion corresponding to the opening of a spin-density wave (SDW) instability as measured by pump-probe femtosecond spectroscopy [22] and a global maximum corresponding to magnetic ordering on both the Sm and Fe magnetic sublattices as measured by magnetic x-ray scattering [23] . Upon cooling to temperatures much below T * , SmFeAsO exhibits a significant negative thermal expansion, corresponding to a broad feature in dρ dT . Although previously unreported for SmFeAsO, this behavior is reminiscent of other iron oxypnictides such as PrFeAsO [24] and LaFeAsO [25] . Since this behavior has also been previously reported for LaFeAsO [25] with a non-magnetic RE 3+ site, the negative thermal expansion was interpreted as an effect due to electron localization, specifically upon the Fe site, a claim that was also alluded to by systematic transport measurements on SmFeAsO 1−x F x [26] . Our interpretation of the data is supported by the observed suppression of all anomalous features in the temperature dependence of the crystallographic parameters with minimal fluorine doping since it is well-documented that electrondoping across the RFeAsO 1−x F x (R = RE 3+ ) series induces superconductivity -by x ∼ 0.07 [3, 27] for Sm -and the onset of superconductivity quickly suppresses the tetragonal-to-orthorhombic distortion, the SDW phase and the Néel phase [1, 16, [28] [29] [30] . Although the negative thermal expansion is quickly suppressed with minimal fluorine doping, it is worthwhile to note that since the lowest temperature anomaly occurs at an energy scale which is close to T c in optimally doped samples [13] [14] [15] , the negative thermal expansion may correspond to a SDW that is rapidly suppressed in the SmFeAsO 1−x F x series as superconductivity evolves.
Polycrystalline samples of SmFeAsO 1−x F x (x = 0, 0.05 and 0.10) were prepared by a two-step solid state reaction as previously outlined by Tropeano et al. [26] . The precursor SmAs was obtained by reacting high purity Sm and As metal at 600 o C for 3 h, and then at 900 o C for 5 h. A mixture of SmAs, Fe, Fe 2 O 3 , and FeF 2 powders with the appropriate nominal stoichiometric ratio was then ground thoroughly and pressed into small pellets. These pellets were wrapped in Ta foil and sealed in an evacuated quartz tube and annealed at 1200 o C for 24 h. The pellets were then retrieved, reground, repressed and annealed at 1300 o C for a further 72 h. Resistivity measurements were performed by the conventional four-point-probe method using a Quantum Design PPMS. The powder x-ray diffraction (pXRD) patterns were recorded by a HUBER Imaging Plate Guinier Camera 670 with monochromatized Cu K α,1 radiation. Polycrystalline samples of SmFeAsO 1−x F x were cooled to a base temperature of 10 K with a closed cycle cryostat and held at base temperature for 12 hours, whilst after each temperature change, the samples were held at the desired temperature for 10 minutes with the objective of achieving thermal equilibrium and avoiding spurious features such as phase trapping. Figure 1 shows the Rietveld refinement of the parent compound SmAsFeO (x = 0). The pXRD data was fit using the FULLPROF/WINPLOTR suite [31, 32] . As summarized by Tab. I, the refined lattice parameters and atomic positions correlate well with previous structural studies confirming that SmFeAsO adopts the layered ZrCuSiAstype structure corresponding to the tetragonal P4/nmm space group [28, 33, 34] . A prominent structural distortion at T S = 130 K was deduced by the observation of splitting of structural Bragg peaks. One such example includes the splitting of the (212) to the (312) and (132) as illustrated in Fig. 2 , corresponding to a structural transition from the tetragonal P4/nmm to orthorhombic Cmma, once again in agreement with previous synchrotron and physical property results [26-28, 33, 35] . As summarized in Fig. 3(d) , the resistivity of the parent compound shows a broad anomaly at higher temperatures but below this anomaly, there are no obvious features or phase transitions, consistent with previous transport measurements [3, 26, 36] . By taking the derivative of the resistivity, we find that there is a clear maximum at 130 K corresponding to the tetragonalto-orthorhombic distortion temperature T S . As shown in Fig. 4 , the tetragonal-to-orthorhombic structural transition is quickly suppressed within the superconducting phase, in agreement with previous synchrotron results that deduced the complete suppression of the structural distortion by x ∼ 0.14 [28] . Although the structural transition for x = 0.05 was detected through both the broadening of the (212) Bragg peak and minor kink in the temperature evolution of a at 80 K which is well correlated with a peak in as illustrated in Figs. 4(a),(c) and (d), there is no such indication for the highest doped sample (x = 0.10) due to the coarser resolution of the laboratory x-ray diffractometer used in this current study compared to ID31 at the ESRF utilized in previous studies [28] . From Rietveld refinements, the temperature evolution of the lattice parameters was calculated for the parent phase and are presented in Figs. 3(a)-(c) below. The first-order nature of the jump in both a and b is clear, in contrast with a more smooth evolution of c. Below T S , a significant structural distortion was observed at 120 K. This previously unreported distortion manifests itself as a decrease of a, b, and c, and therefore a cusp-like feature of the unit cell volume V . A likely candidate for the 120 K transition is magnetic ordering accompanying a spin-density wave instability of the nested Fermi surface that is reminiscent of other rare-earth iron oxypnictides [1, 20, 30, 37] . Such a claim is supported by numerous observations in literature including the detection of spin-density wave ordering by pump- probe femtosecond spectroscopy at T SDW ≃ 125 K [22] and the detection of long-range ordering of the Sm and Fe magnetic sublattices by magnetic x-ray scattering at T N ≃ 110 K [23] . The formation of a SDW state below T S is further supported by broad features in both DC susceptometry and heat capacity reported in literature [23, 38] .
It is worthwhile to note that there exists a slight increase in the resistivity of the parent compound (Fig. 3) as one decreases temperature before both T S and T SDW in agreement with previous transport measurements [3, 26, 36] . This behavior of the resistivity may correspond to the onset of magnetic correlations, reminisent of "stripe" phase of La 1.6−x Nd 0.4 Sr x CuO 4 [39] . Furthermore, multiple studies [24, 40, 41] have correlated a broad feature in the resistivity at high temperatures proceeding T S with the formation of SDW phase. As illustrated in Fig. 4(d) , this increase in the resistivity is quickly suppressed with fluorinedoping x ≃ 0.10, corresponding to the onset of superconductivity in SmFeAsO 1−x F x (x ∼ 0.07 [3, 27] ) and as is the case for other high temperature superconductors, the concurrent destruction of the SDW state and its accompanying magnetic ordering transition [3, 11] . The interpretation of the 120 K feature as magnetic ordering is strongly supported by the temperature dependence of the thermal expansion coefficient α V = 1 V ∂V ∂T as presented in Fig. 5 below. The temperature dependence of α V reveals a rich phase diagram where a global minimum and maximum corresponds to the aforementioned literature reported values of T SDW [22] and T N [23] , respectively; whilst, the magnetoelastic transition at 120 K corresponds to the crossover between negative and positive thermal expansion, indicating that the 120 K transition corresponds to some exotic phase of SDW and Néel phase coexistence, both phases that ultimately compete [1, 42] with superconductivity and would be expected -and as is observedto be quickly suppressed with fluorine doping.
As shown in Figs. 3 and 5, as SmFeAsO is cooled much below T SDW , another anomalous feature appears at T ≈ 55 K -a negative, nearly isotropic thermal expansion exists in all three crystallographic directions. The presence of a negative thermal expansion for SmFeAsO, although not been previously reported in either high resolution synchrotron [28] or three terminal capacitance mea- . Note that a peak in dρ dT occurs at 130 K and a broad anomaly appears as well at 55 K, coinciding with the onset of the tetragonal-toorthorhombic distortion and the onset of negative thermal expansion, respectively. The labels HTT and LTO denote high temperature tetragonal phase and low temperature orthorhombic phase, respectively. N.B. Error bars are smaller than the size of the symbol representation of the experimental data.
surements [43] , has been detected in other rare-earth [24] and actinide oxypnictides [44] . The distinguishing feature of SmFeAsO is that the onset of negative thermal expansion does not coincide with any particular magnetic ordering process such as in NpFeAsO where the onset of α < 0 coincides with T N [44] . To gain some insight on the microscopic origin of the negative thermal expansion, we shall compare this system to other known materials that show negative thermal expansion. For a recent review on negative thermal expansion, please refer to Chen et al. [45] . One obvious quantitative parameter for comparison is the coefficient thermal expansion α V = −40 ppm · K −1 at 10 K for the undoped compound. Simple flourite structures with tetrahedrally coordinated atoms experience small negative thermal expansion with α V −10 ppm · K −1 [46] [47] [48] [49] [50] . The tilting of rigid polyhedra in oxides with O-M -O bridging in materials such as ZrW 2 O 8 , heralded as a compound with significant negative thermal expansion, yields a α V of −27.3 ppm · K −1 [51, 52] . Since SmAsFeO has a significantly larger value, it is unlikely that such a mechanism exists.
A possible alternative explanation for the detection of negative thermal expansion could be attributed to the presence of Sm. The f block elements have a rich and complex series of structural phase diagrams as a function of temperature and pressure [53] [54] [55] . The iron oxypnictides, with the addition magnetic Fe sublattice [23, 56] , further complicates the effects of magneto-elastic coupling and felectron physics in these materials. Among the rare earth compounds, crystal field induced negative thermal expansions have been noted on the order of -2 ppm · K −1 in compounds such as TmTe [57, 58] . However, other prominent effects are noted in the vicinity of magnetic transitions, such as a coefficient of -500 ppm · K −1 near the Curie temperature in holmium [59] . However, in the absence of features in the susceptibility, it is unlikely that this is the origin of the effect in SmAsFeO. The one example that bears the greatest similarity to SmAsFeO is the change in the electronic configuration of Sm in Sm 2.72 C 60 [60, 61] . In this compound, a truly dramatic change in the negative thermal expansion is observed below 50 K and is believed to be due to the change in size of the Sm ion of the 4f 6 d 0 and 4f 5 d 1 electronic configurations [62] with very similar transitions seen throughout other rare-earth systems below 60 K [63] [64] [65] . The possibility of such an electronic transition in SmFeAsO can be quickly discredited by noting refinements indicate the average size increase of Sm is less than 1% and observing there exists a small but detectable negative thermal expansion below 50 K for LaFeAsO [25] . Combining the observation of α V < 0 for LaFeAsO and the assumption that the underlying mechanism in LaFeAsO is similar to that in SmFeAsO, provides an argument against Sm electron localization, since the La 3+ ions should not adopt a valence fluctuating state.
Ruling out the presence of rare-earth valence fluctuations, one can now turn to the condensation of electrons as a possible mechanism. The iron oxypnictides are itinerant electron systems with a reduced ordered iron moment consistently below ∼ 0.8 µ B within the SDW regime [1, 16, 24, 66] . The condensation of electrons from a higher occupied band to a lower band, for example, could be a possible mechanism for the negative thermal expansion, as is seen in other itinerant metals such as Cr (-9 ppm · K −1 ) [62, 67] , a metal that also possesses a nested Fermi surface [68] . In fact, current models of itin- is well-correlated with both the onset of the broadening of the (212) peak and the kink in the temperature dependence of a for the x = 0.05 sample indicated by the olive vertical line. erant magnetism in the iron pnictides have been successful in predicting the Q-wavevector of the incommensurate ordering, and have provided an explanation for the structural phase transition as a function of doping, albeit there are key differences between various models at the present that are highly dependent on sensitive parameters [20] . Furthermore, resistivity, magnetoresistivity, Hall effect, Seebeck coefficient, infrared reflectivity measurements performed by Tropeano et al. [26] on SmFeAsO 1−x F x (x = 0 and 0.07) alluded to a condensation of electrons from the opening of a SDW gap. In agreement with previous measurements [3, 26, 36] , we note that there is a signature for the condensation of electrons in the resistivity. As shown in Fig. 3(d) , the derivative of the resistivity exhibits a broad peak at approximately 55 K, coinciding with the onset of the negative thermal expansion and thus supporting our interpretation of the negative thermal expansion as a consequence of electronic condensation. The energy scale, on the order of T c in optimally doped samples [13] [14] [15] , suggests the possibility that the proposed electron condensation may play a key role in the mechanism of superconductivity of SmFeAsO 1−x F x . The suppression of the negative thermal expansion down to 10 K for the fluorine-doped samples as illustrated in Figs. 4 and 5 , suggests that the negative thermal expansion cannot be solely attributed to the superconducting phase but instead to the competing SDW phase; a phase that is also rapidly suppressed with the onset of superconductivity [1, 29, 30] . Finally, it is worthwhile to note that µSR measurements [69] on a variety of underdoped iron-arsenic superconductors such as LaFeAsO 1−x F x (x = 0.03) have revealed the presence of a Bessel function line shape to the relaxation, reminicent of the behavior of the cuprates within the stripe-ordered phase [70] . This line-shape is distinct from the parent compound LaOFeAs, and suggests that there is an electronic condensation leading to a reduced field at the muon site. Consequently, the negative thermal expansion noted in this current work may possibly be an indication of this condensation associated with stripe-like order which would be consistent with the magnetic ordering on the Sm and Fe sublattices [23] . For the parent compound x = 0, the global maximum at 110 K and global minimum at 125 K correspond to magnetic ordering on the Sm and Fe magnetic sublattices as determined by magnetic x-ray scattering [23] and onset of the SDW phase as determined by pump-probe femtosecond spectroscopy [22] , respectively. The three temperatures at which the value of αV changes sign corresponds to the tetragonal-to-orthorhombic distortion temperature TS, the magneto-elastic distortion temperature T * and the critical temperature for optimally doped samples TC [13] [14] [15] . As illustrated in the inset of (a), the parent compound exhibits a significant negative thermal expansion αV of −40 ppm · K −1 below Tc. The concurrent suppression of the negative thermal expansion at low temperatures and the anamolous features associated with the opening of the SDW gap with the fluroine-doped samples as illustrated in (b) and (c) strongly supports the interpretation of the negative thermal expansion as electron condensation due to the opening of the SDW gap as proposed by Tropeano et al. [26] deduced from transport measurements.
